Splenic erythroblasts obtained from BALB/c mice infected with the anemia strain of Friend virus were compared with "matured" cells and adult erythrocytes for their sensitivity to staphylococcal ot-toxin. Matured cells were obtained by treating erythroblasts in culture with erythropoietin for 48 h. Sensitivity to staphylococcal oa-toxin, measured both by release of 86Rb and by cell lysis, failed to demonstrate significant differences among the cell types. Since maturation of erythroblasts to matured cells or erythrocytes is associated with synthesis of band 3, hemoglobin, and spectrin and the loss of transferrin receptors, we conclude that none of these compounds serves as the specific receptor for staphylococcal a-toxin in BALB/c mice.
Staphylococcal a-toxin is an extracellular protein that is excreted by most pathogenic strains of Staphylococcus aureus and is selectively hemolytic, dermonecrotic, and lethal for most laboratory animals (13, 17) . The mechanism of hemolysis has been demonstrated with rabbit erythrocytes to follow the following three-step sequence: binding of a-toxin to specific receptors, formation of hexamer pores, which leads to leakage of small ions, and, finally, osmotic lysis of the cells (10, 11, 16, 21) . The nature of the a-toxin receptor on erythrocytes has not been definitely established, but there have been reports suggesting that the receptor is an N-acetylglucosamine-containing ganglioside (22) , band 3 glycoprotein (24) , or glycophorin (6) . Studies with murine erythroleukemia cell lines have demonstrated that maturation of mammalian erythrocytes from their nucleated erythroblast precursors involves preferential synthesis of the cell surface glycoprotein, band 3, and possibly glycophorin (14, 25, 28) . Treatment of these cells with dimethyl sulfoxide initiates the maturation process, in which not only are band 3 (29) and glycophorin (14, 20) synthesized, which are unique to erythrocytes, but hemoglobin (18) and spectrin (14, 15) are synthesized as well. Additionally, maturation of erythroblasts leads to the loss of the transferrin receptor (27, 30) .
We have been studying the maturation process of erythrocytes by using splenic erythroblasts obtained from mice infected with the anemia strain of Friend virus (M. J. Koury, S. T. Sawyer, and M. C. Bondurant, J. Cell. Physiol., in press). In this system the maturation process is induced by the addition of the natural hormone erythropoietin. As expected, erythroblast maturation involves induced synthesis of hemoglobin (Koury et al., in press), band 3, and spectrin and the loss of the transferrin receptor (unpublished data). An investigation of the timing of glycophorin synthesis in mouse cells is in progress. This murine erythropoietindriven erythroblast maturation model, in which large numbers of each cell type are available, provides an ideal system to study a-toxin receptors. By comparing the susceptibilities of erythroblasts, erythropoietin-induced "matured" cells, and erythrocytes to ax-toxin, the role of band 3, spectrin, and the transferrin receptor can be evaluated. Our results do not support the view that any of the molecules which are only * Corresponding author.
synthesized late during erythrocyte differentiation can serve as the specific at-toxin receptor in murine erythrocytes.
MATERIALS AND METHODS
The at-toxin used was prepared by the pore glass method (12) and had a specific activity of 25,600 hemolytic units per mg of protein. Hemolytic unit values were determined by using rabbit erythrocytes as described by Bernheimer and Schwartz (7). Protein was measured by the method of Lowry et al. (23) , using bovine serum albumin (Sigma Chemical Co., St. Louis, Mo.) as the standard. 86RbCl (New England Nuclear Corp., Boston, Mass.) had a specific activity of 3.91 mCi/mg. The 86RbCl was used to measure the release of small ions from the cells, and radioactivity was measured by adding the test sample (usually 10 ,u) to 10 ml of Aquasol and counting the vials with a Beckman model LS-233 scintillation counter.
Alpha-toxin induced release of 86Rb. To compare sensitivity to a-toxin, erythroblasts, matured cells, and erythrocytes were prelabeled with 86Rb. A 200-,u1 sample of each cell type suspended in PBSA buffer (0.14 M NaCl, 0.01 M Na2HPO4, pH 7.4, 1 mg of bovine serum albumin per ml) was incubated with 0.2 mCi of 86RbCI for 30 min at 23°C. Typically, 1.5 x 108 erythroblasts, 4 x 108 matured cells, and 3 x 108 adult erythrocytes were used. The cells were washed twice with 30-ml volumes of PBSA buffer and were suspended in 800 ,ul of PBSA buffer. To confirm that each of the cell types retained 86Rb, a 10-1±1 sample of each suspension was counted and compared with a 10-,ul sample of the supernatant obtained after centrifugation of a 50-11 portion with a Beckman Airfuge for 1.5 min.
Hemolytic assays were done both by the hemoglobin release procedure described by Bernheimer and Schwartz (7) and by a procedure involving continuous measurement of the reduction in turbidity. In this procedure the mouse cell suspension was adjusted to an optical density at 660 nm of 1.0 (approximately 0.065% adult BALB/c erythrocytes), and after addition of a-toxin, the decrease in optical density was followed over a 30-min (Fig. 1) . In addition to synthesis of hemoglobin, as evidenced by the development of a red color, the sizes of the cells were markedly reduced, resulting in a dramatic change in the ratio of cytoplasm to nucleus. Figure 1 also shows some matured cells in the process of extruding their nuclei, as well as a BALB/c erythrocyte for comparison.
Sensitivity to hemolysis of erythrocytes by a-toxin is species dependent; rabbit cells are among the most susceptible cells, and human cells are among the most resistant (1) . This difference in sensitivity of erythrocytes to lysis by a-toxin is related to differences in the number of a-toxin receptors on the erythrocyte membranes, as determined by a-toxin binding studies (3, (9) (10) (11) . Mouse erythrocytes are approximately one-tenth as sensitive as rabbit erythrocytes (4), and we confirmed this finding for BALB/c mouse peripheral erythrocytes by using the hemoglobin release assay (7) . BALB/c erythrocytes gave a value of 0.27 pug of a-toxin per ml for the hemolytic unit, compared with a value of 0.04 pug of a-toxin per mnl for the hemolytic unit obtained with rabbit erythrocytes.
The results of studies to measure the release of small ions ( Fig. 2 . Our data demonstrated that a-toxin induced the release of 86Rb from each of the cell types. Furthermore, the erythroblasts, which did not have band 3 in their plasma membranes, were as sensitive, if not more sensitive to a-toxin than the erythropoietin-treated matured cells, which did contain this glycoprotein on their surfaces. Similar results were obtained in five different experiments with different preparations of cells.
Lysis of BALB/c erythroblasts, matured cells, and erythrocytes by a-toxin. To confirm that the sensitivities of the cell types to a-toxin were correctly reflected by the 86Rb release assay, the sensitivities were tested by using a lytic assay. Each cell type was diluted in PI3SA buffer such that the optical density at 660 nm was 1.0. To each cuvette 2.5 mouse hemolytic units of a-toxin was added, and the reduction in turbidity (lysis) was recorded at 2-min intervals for 30 min. The resulting data (Fig. 3 ) support the conclusion that erythroblasts and matured cells were equally sensitive to a-toxin-induced cell lysis. The apparent differences in extent of lysis (residual turbidity, measured at 30 min) were due to nuclei and were a reflection of the ratio of cytoplasm to nuclei for each cell type. When the extent of lysis at 30 min was calculated as a percentage of the maximal value obtained after lysis of the plasma membranes with 1% Triton X-100, we obtained values of 97% for the erythroblasts, 91% for the matured cells, and 101% for the erythrocytes. Phasecontrast microscopy demonstrated that exposure to 1% Triton X-100 did not disrupt the nuclei of the erythroblasts or the erythropoietin-treated matured cells. Similar results matured cells, and erythrocytes. Cells prelabeled with '6RbCl were incubated with 2.5 mouse hemolytic units of a-toxin per ml. At different times samples were removed, and the cells were pelleted. Samples of the supernatant were counted to measure released 86Rb. Control cells, which were not treated with a-toxin, were used to measure spontaneous release. The data are expressed as percentages of 86Rb released after correction for sponltaneous (control) release. The average levels of spontaneous release for erythroblasts, matured cells, and erythrocytes were 36, 32, and 14%, respectively. For the concentrations of each cell type used see Table 1 , footnote a. For further discussion see the text. Alpha-toxin-induced lysis oferythroblasts, matured cells, and erythrocytes. Samples of each cell type from the preparations described in Table 1 , footnote a, were diluted to give an optical density at 660 nm (OD 660 m,u) of 1.0. Alpha-toxin (2.5 mouse hemolytic units) was added, and lysis of the cells was followed as the reduction in optical density at 660 nm. The residual optical density in the erythroblasts and matured cells was due to the nuclei, which were not lysed at the concentration of a-toxin used. For further details see the text.
were obtained in four different experiments with different preparations of cells. DISCUSSION It is the current view that a-toxin may interact with cells in two distinct ways, which may be termed specific and nonspecific. Specific interaction involves specific receptors and low concentrations of a-toxin, shows high selectivity, and is exemplified by the hemolysis of rabbit-erythrocytes. Nonspecific interaction does not involve specific receptors, requires 100 to 1,000 times the concentration of toxin required for specific reactions, shows little discrimination, represents penetration of lipid membranes by a putative hydrophobic region of the toxin, and is exemplified by lysis of human-erythrocytes and liposomes. The existence of two mechanisms of a-toxin interaction is supported by the following lines of evidence. Binding studies of a-toxin and rabbit erythrocytes (3, (9) (10) (11) have demonstrated the presence of a homogeneous, saturable receptor that specifically binds a-toxin. Saturation of the receptors occurs at a-toxin concentrations of 0.01 to 0.5 ,ug/ml, and the receptors are specifically susceptible to degradation by pronase but not by trypsin. In contrast to these studies, membranes from a variety of erythrocytes (5) and synthetic liposomes (17) that have been exposed to 300 to 100 pLg of a-toxin per ml have been examined by electron mnicroscopy. Such membranes are coated with ringlike arrays which are identical to the 12S hexamer form of a-toxin. These hexamer forms have recently been isolated by Fussle et al. (19) , who showed that the hexamers could be incorporated into liposomes and represented discrete transmembrane channels through which small ions could pass. That a-toxin at high concentrations can directly penetrate lipid monolayers has been demonstrated by using lipid films (8) . The relationship of the hexamer forms to the "normal" action of a-toxin is not clear. First, ring forms are not observed on rabbit erythrocyte membranes lysed at the usual hemolytic doses of toxin (0.01 to 0.1 ,ug/ml). Second, the 12S hexamer form of a-toxin is not itself hemolytic. Third, liposomes prepared with lipids from human erythrocytes and rabbit erythrocytes show the same high dose requirement for a-toxin (30 ,ug/ml) for lysis (13) . Thus, direct interaction of a-toxin with membrane lipids does not explain the more than 100-fold difference in susceptibility exhibited by intact human erythrocytes and rabbit erythrocytes. It is possible that the high-affinity receptors present on rabbit erythrocytes but not detectable on human erythrocytes are themselves modified after binding toxin in such a way as to initiate cell damage or that they facilitate the formation of hexamers of a-toxin that permit leakage of small ions. The latter model views the specific receptors as facilitators of hexamer formation.
The exact nature of the a-toxin receptor remains elusive. It has been reported to be an N-acetylglucosamine-containing ganglioside (22) , but Wiseman (31) has concluded that the reaction is probably nonspecific. Based on pronase sensitivity and interference of binding by lectins, Maharaj and Fackrell (24) have suggested that erythrocyte band 3 may be the specific receptor for a-toxin. Most recently, results of inhibition of hemolysis studies led Bernheimer and Avigad (6) to propose that glycophorin is the receptor. To date, the direct isolation of an a-toxin receptor complex of defined composition has not been achieved.
The availability of a model system to study erythroblast maturation in vitro (Koury et al., in press) afforded an exceptional opportunity to critically evaluate the putative role of band 3 as the a-toxin membrane receptor and possibly glycophorin as well. Friend virus anemia strain-infected erythroblasts are nucleated progenitor cells of the erythropoietic pathway, which, like undifferentiated murine erythroleukemia cell lines (29) , do not contain band 3 in their membranes (unpublished data). Culture of these cells with erythropoietin (Koury et al., in press) induces terminal maturation and, of interest here, synthesis of band 3. Thus, if band 3 serves as the specific receptor for a-toxin, the sensitivities of these two cell types to a-toxin should be different. The erythroblasts would be expected to be relatively resistant to a-toxin and, like human erythrocytes, which are devoid of a-toxin receptors, to require high concentrations of a-toxin, characteristic of the nonspecific mode of a-toxin-cell interaction. In contrast, cells induced to undergo terminal differentiation, matured cells, which express band 3 on their surfaces, would be expected to be as sensitive to a-toxin as the adult erythrocytes. When tested by both the release of 86Rb procedure (Fig. 2) and by the induction of cell lysis method (Fig. 3) , erythroblasts were found to be as susceptible or more susceptible to a-toxin than matured cells. Thus, our data do not support assignment of band 3 as the a-toxin receptor, at least not in BALB/c mouse erythrocytic cells. By extension, the known induction of spectrin (15) in matured cells and the loss of transferrin receptors (27, 28) from differentiated erythroblasts, events which we confirmed with our cells, by the same reasoning, eliminate these two proteins as prospective a-toxin receptors. Finally, if the result of glycophorin synthesis on human bone cells reported by Gahmberg et al. (20) is confirmed with the Friend virus anemia strain-infected erythroblasts used in this study, glycophorin also may be eliminated as a prospective a-toxin receptor.
